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In order to obtain a mutant of Sindbis virus (SV) with a low methionine-resistant (LMR) phenotype, i.e., able to replicate in
methionine-deprived Aedes albopictus mosquito cells, standard SV (SVSTD) was passaged 17 times in mosquito cells
maintained in a low methionine medium and then plaque-purified, also in mosquito cells. Although the virus obtained by this
procedure, SVLM17, did have the desired LMR phenotype, it also appeared to have acquired a host-range phenotype. We have
now characterized the host-range phenotype of SVLM17 in greater detail. In yield assays, the titer of SVLM17 produced by chick
embryo fibroblasts (CEF) was 100- to 1000-fold lower than that from mosquito cells. SVSTD, in contrast, produced a similar titer
of virus from the two cell types. On the other hand, when SVLM17 was assayed directly by plaque formation on CEF and on
mosquito cell monolayers, no host restriction in CEF was observed. When CEF were infected with SVLM17, viral proteins were
synthesized normally, pE2 was processed to E2, and E2 was demonstrated by the fluorescent antibody method to reach the
cell surface. However, electron microscopy of SVLM17-infected cells revealed an absence of extracellular virions and of
budding particles; also, nucleocapsids were not aligned beneath the plasma membrane. By sequence determination and by
site-directed mutagenesis, it was determined that the host restriction of SVLM17 was due to a change from Ala to Val at position
251 of the E2 protein. Substitution of Gly or Leu at this position also resulted in the same host range phenotype. © 1999
Academic Press
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Sindbis virus contains three structural proteins, the
apsid or C protein and two envelope proteins, E1 and
2. These are derived by processing of a polyprotein
hich is the translation product of the subgenomic 26S
NA (see Strauss and Strauss, 1994; Schlesinger and
chlesinger, 1996, for reviews). E2 is derived from a
recursor protein, pE2, which associates with E1 in the
ough endoplasmic reticulum (RER) to form a het-
rodimer. The pE2.E1 heterodimers are transported
hrough the RER and the Golgi system; then, in a post-
olgi compartment, an N-terminal sequence is cleaved
rom pE2, leaving E2. Finally, the E2.E1 heterodimers are
ransported to the plasma membrane. At some stage the
eterodimers trimerize to form the viral spikes. From the
esults of cross-linking experiments, Mulvey and Brown
1997) suggest that this occurs in the RER. Like most viral
nvelope proteins, E2 and E1 are acylated and glycosy-
ated.
The E2 protein of Sindbis virus is 423 amino acids
1 Present address: CABM, #302, UMDNJ–Robert Wood Johnson
edical School, 679 Hoes Lane, Piscataway, NJ 08854-5635.
2 Present address: Department of Pathology, SUNY at Stony Brook,
tony Brook, NY 11794-8691.
3 To whom reprint requests should be addressed. Fax: (732) 235-1223. E-mail: stollar@umdnj.edu.
187ong, has a membrane-spanning anchor of about 26
mino acids, and has a 33-amino-acid endodomain or
ytoplasmic tail. There is now strong evidence which
ndicates that the budding of alphaviruses from the cell
urface requires and is driven by a specific interaction
etween the capsid protein and the cytoplasmic tail of
he E2 protein (Lopez et al., 1994; Lee et al., 1996). In
ecent work, specific amino acids involved in the inter-
ction between the cytoplasmic tail of E2 and the C
rotein have been identified (Skoging et al., 1996; Owen
nd Kuhn, 1997).
Some years ago we reported that the replication of our
tandard Sindbis virus (SVSTD) in Aedes albopictus mos-
uito cells was markedly inhibited when infected cells
ere deprived of methionine (Stollar, 1978). We then
erived from SVSTD a viral mutant, SVLM21, which had a low
ethionine-resistant (LMR) phenotype; i.e., in contrast to
VSTD, it was able to replicate normally in methionine-
eprived mosquito cells (Durbin and Stollar, 1985). SVLM21
ubsequently proved instrumental in identifying the SV
onstructural (ns) protein, nsP1, as a methyltransferase,
resumably the methyltransferase responsible for the
ethylation of the cap moiety of the viral mRNAs (Mi et
l., 1989). The association of the alphavirus ns protein,
sP1, with a methyltransferase activity was later con-
irmed in work with Semliki forest virus (La¨a¨kkonen et al.,
994).
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188 LI ET AL.To obtain SVLM21, we began with SVSTD and carried out
7 serial undiluted passages in methionine-deprived Ae.
lbopictus cells; the resulting stock was then plaque
urified, also in Ae. albopictus cells. This virus, desig-
ated SVLM17/17 in Durbin and Stollar (1985), will now be
eferred to simply as SVLM17. SVLM17 grew well in mosquito
ells and clearly had the LMR phenotype; however, it
roduced low yields of infectious virus from vertebrate
ells. Typically the amount of infectious virus produced
as about 100-fold less than that seen following a com-
arable infection with SVSTD.
Although our main interest at the time was to obtain a
irus stock with the LMR phenotype, we also considered
t desirable that this virus replicate well in both mosquito
nd vertebrate cells. Accordingly we passaged SVLM17
hree times in BHK cells and then plaque purified it, also
n BHK cells. The virus we obtained following the pas-
age in BHK cells, SVLM21, retained the LMR phenotype,
ut was also able to replicate in vertebrate cells as
fficiently as SVSTD (Durbin and Stollar, 1985). (The des-
gnation 21 in SVLM21 refers to a clone number, not the
assage levels.)
Recently, we returned to the question of why SVLM17
eplicated poorly in vertebrate cells. In this report, we
how that the block to the replication of SVLM17 in chick
mbryo fibroblast (CEF) cultures is at a late stage in virus
ssembly and that it is accounted for by a change from
la to Val at position 251 in the envelope protein E2. Our
indings support the proposition that in addition to the
nteraction between the C protein and the cytoplasmic
ail of E2, the ectodomain of E2 plays an important role in
he late stages of viral assembly.
RESULTS
eplication of SVLM17 in CEF and mosquito cells
Table 1 illustrates the host restriction of SVLM17. SVSTD,
VTOTO, and SVLM17 all produced high yields of infectious
irus from mosquito cells, ranging from 5.8 to 9.8 3 108
TABLE 1
Yields of SVSTD, SVToto, and SVLM17 from Primary CEF
and Mosquito Cells
Virus
Yields (PFU/ml)
b/aAe. albopictus (a) CEF (b)
VSTD 8.5 3 10
8 2.0 3 109 2.4
VToto 9.8 3 10
8 6.5 3 109 6.6
VLM17 5.8 3 10
8 1.0 3 106 1.7 3 1023
Note. Confluent primary CEF or Ae. albopictus cells were infected at
n m.o.i. of one PFU/cell and incubated at 34°C for 24 h. Medium was
hen harvested and titrated for infectious virus by plaque formation on
rimary CEF.FU/ml. On the other hand, whereas with both SVSTD and rVTOTO the yield of infectious virus from CEF was some-
hat higher than that from mosquito cells, in the case of
VLM17 the yield of virus from CEF was less than 1% of that
rom mosquito cells. Interestingly, however, the ability of
VLM17 to form plaques on CEF was not impaired (Table
). Thus like both SVSTD and SVTOTO, SVLM17, when assayed
irectly by plaque formation, gave titers on CEF compa-
able to those measured on mosquito cells. This result
uggests that although the release of SVLM17 from CEF
nto the liquid medium is greatly reduced, under the
onditions used for the plaque assay, sufficient SVLM17
ust still be able to spread from cell to cell in the CEF
ultures to form plaques.
ocalization of the block to replication of SVLM17
n CEF
In order to obtain information concerning the stage at
hich the replication of SVLM17 in CEF is blocked, we first
xamined the synthesis of the structural proteins and the
rocessing of the precursor protein, pE2, to the envelope
rotein, E2. CEF were infected with either SVSTD or SVLM17,
ulse-labeled with [35S]methionine, and then chased for
p to 3 h. As shown in Fig. 1, comparable amounts of
abeled viral proteins were made in both cultures; fur-
hermore, the processing of pE2 to E2 in CEF cultures
nfected with SVSTD (lanes 2–8) and in CEF cultures in-
ected with SVLM17 (lanes 10–16) was similar. Since the
rocessing of pE2 to E2 occurs in a post-Golgi compart-
ent, and since the envelope proteins are transported to
he cell surface as a pE2/E2–E1 heterodimer, the SVLM17
nvelope proteins synthesized in CEF must be trans-
orted normally through the endoplasmic reticulum and
he Golgi system. This suggests that the block to the
ssembly and release of SVLM17 from CEF must occur at
late stage in virus maturation.
We then wished to learn whether in SVLM17-infected
EF the envelope proteins were able to reach the cell
urface. This was determined by means of the fluores-
ent antibody technique. When SVLM17-infected CEF were
ermeabilized and then reacted with a polyclonal anti-E2
erum, intense fluorescence was observed in the cyto-
TABLE 2
Plaquing Efficiency of SVSTD, SVTOTO, and SVLM17 on Primary CEF
and Mosquito Cell Cultures
Virus
Virus titer (PFU/ml)
b/aAe. albopictus (a) CEF (b)
VSTD 6.2 3 10
8 9.7 3 108 1.6
VToto 4.4 3 10
8 3.6 3 109 8.2
VLM17 8.1 3 10
8 1.2 3 109 1.5
Note. Virus titers were assayed directly by plaque formation on
rimary CEF and on mosquito cell cultures as described under Mate-ials and Methods.
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189E2 PROTEIN AND SINDBIS VIRUS RELEASElasm (Fig. 2B). When CEF were infected with either
VSTD or SVLM17 but were not permeabilized, fluorescence
t the cell surface was observed in both cases (Figs. 2C
nd 2D, respectively). Thus we conclude that the SVLM17
E2/E2–E1 heterodimers must reach the surface of in-
ected CEF.
Next we examined SVSTD- and SVLM17-infected cells by
lectron microscopy. In SVSTD-infected CEF, nucleocap-
ids, or possible nucleocapsid precursors with electron
ransparent centers, were seen in the cytoplasm, and
udding of viral particles was readily observed (Figs. 3C
nd 3D). In contrast, in SVLM17-infected cells (Fig. 3A),
lthough nucleocapsid structures could be seen in the
ytoplasm, they were not aligned under the plasma
FIG. 1. Pulse-chase labeling of viral proteins. Primary CEF were
nfected at an m.o.i. of 100 PFU/cell with SVSTD (lanes 2–8) or SVLM17
lanes 10–16) and incubated at 34°C. At 5 h postinfection, cells were
abeled for 10 min with [35S]methionine and then either harvested and
repared directly for gel electrophoresis (lanes 2 and 10) or chased for
0 min (lanes 3 and 11), 60 min (lanes 4 and 12), 90 min (lanes 5 and
3), 120 min (lanes 6 and 14), 150 min (lanes 7 and 15), or 180 min (lanes
and 16) prior to harvesting and preparation for electrophoresis.
FIG. 2. Immunofluorescent detection of E2 protein at the cell surface
FU/cell were incubated at 34°C for 5 h and then fixed and stained by
ethods. (A) Mock infected; (B) SVLM17-infected and permeabilized; (C)ized. Bar, 25 mm.embrane, nor was budding of viral particles observed.
n this particular section, there was an aggregation of
ucleocapsids (arrows). The nucleocapsids with the less
paque centers are reminiscent of those observed in
ouse brain during the early stage of infection with
astern equine encephalitis virus (Murphy, 1980). Figure
B shows cells infected with SVTOTO/E2/A25IG, a mutant pro-
uced by site-directed mutagenesis, which has the
VLM17 phenotype (see below). No budding particles were
een; nucleocapsids or nucleocapsid precursors were
een in the cytoplasm but not beneath the plasma mem-
rane.
dentification of the mutation responsible
or the SVLM17 phenotype
Double-stranded cDNA was synthesized from SVLM17
iral RNA and digested with BamHI (nt 7334) and NsiI (nt
1452). The nt 7334–11452 fragment was then subcloned
nto pToto 7354 (this is a deleted form of pToto 1101
aving deletions from nt 1074 to 6528 and from nt 8038 to
866) which had also been digested with BamHI and
siI. Sequencing of the region containing the coding
nformation for the viral structural proteins revealed a
ingle mutation; at position 9382, there was a T in place
f a C, changing Ala251 of E2 to Val.
By substituting the sequence from position 7999 (AatII) to
osition 11749 (XhoI) of SVLM17 cDNA for the corresponding
equence of Toto1101, we generated pTotoLM17/7999-11749. Infec-
ious RNA transcripts were then made from this recombi-
ant plasmid and used to produce virus in mosquito cells.
ables 3 and 4 show that SVTOTO/LM17/7999-11749, the virus which
as obtained from the recombinant pToto, had the same
ry CEF (50% confluent) infected with SVSTD or SVLM17 at an m.o.i. of 100
rect fluorescent antibody technique as described under Materials and
nfected but non permeabilized; (D) SVLM17, infected and nonpermeabi-. Prima
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190 LI ET AL.henotype as SVLM17; thus it produced a low yield of infec-
ious virus from CEF, but showed no impairment when
ssayed by plaque formation on CEF.
Site-directed mutagenesis was performed to confirm
hat the amino acid change at position 251 of E2 was
esponsible for the phenotype of SVLM17. Thus, the C at
osition 9382 of pToto1101 was changed to a T, giving
TotoC9382T and subsequently the virus SVTOTO/E2.A251V. As
een in Tables 3 and 4, SVTOTO/E2/A251V had the same phe-
otype as SVLM17, confirming that the amino acid change
t position 251 of E2 sufficed to produce the SVLM17
henotype.
The change from an Ala residue to a Val residue is a
onservative change. We therefore made two other sim-
lar changes at position 251 of E2. Mutations were made
n pToto to change the Ala at this position in one case to
Gly (T9382G) and in the other case to a Leu (G9381C).
FIG. 3. Electron micrographs of infected CEF. Primary CEF were infe
B) and incubated at 34°C. At 6 h postinfection, cells were fixed and p
agnification is 70,000 for all panels and the magnification bar represn both cases, the release of virus was restricted in CEF eTable 3), but plaque formation was not impaired (Table
). Thus the SVLM17 phenotype was retained. This result
uggests that the presence of an Ala at position 251 of
2 is required for efficient maturation of SV in CEF and
hat it cannot be substituted for by another hydrophobic
mino acid, or by Gly, which lacks a side chain.
DISCUSSION
The results which we have presented show that when
EF were infected with SVLM17, the viral structural pro-
eins were made in normal amounts, pE2 was processed
o E2, and the envelope proteins reached the cell sur-
ace. However, alignment of nucleocapsids with the
lasma membrane was not observed, budding of viral
articles did not occur, and the yield of virus in the
edium was greatly reduced. Why the plaque-forming
.o.i. 5 100 PFU/cell) with SVSTD (C and D), SVLM17 (A), or SVTOTO/E2/A251G
for electron microscopy as described under Materials and Methods.
0 nm.cted (m
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191E2 PROTEIN AND SINDBIS VIRUS RELEASEemains unclear. A likely explanation is that although the
mount of virus released from each infected cell in the
VLM17-infected CEF cultures is drastically reduced, the
mall amount of virus released from each cell is still
ufficient to infect all the neighboring cells and thus to
ive rise to plaques. Interestingly, when Niesters and
trauss (1990) carried out a mutational analysis of the
onserved 51 nucleotide sequence (nts 155–205) of Sind-
is virus RNA, they observed that at least five different
utants which produced virus yields only 1% or less than
hat seen with the wild-type virus nevertheless produced
ormal-size plaques. Thus, although there is generally a
orrelation between virus yield and plaque size, this is
ot always the case.
The central question, however, is why the assembly
nd production of SVLM17 particles, which are dramatically
nhibited in CEF, are apparently normal in mosquito cells.
lthough we cannot answer this question, this finding
trongly suggests an important difference between the
ssembly of alphaviruses in mosquito cells and that in
ertebrate cells. The most obvious difference reported so
ar relates to the site of assembly. Whereas in vertebrate
ells virus budding occurs at the plasma membrane
Acheson and Tamm, 1967), in mosquito cells large num-
ers of viral particles are seen in cytoplasmic vesicles
Gliedman et al., 1975), suggesting that budding and
ssembly in mosquito cells occur mainly in association
ith cytoplasmic membranes rather than at the plasma
embrane.
There are also significant biochemical differences be-
ween alphaviruses grown in mosquito cells and the
ame viruses grown in vertebrate cells. These differ-
nces relate to carbohydrate and lipid content and reflect
he properties of the host cells. Thus, the complex N-
inked glycans, which contain fucose and sialic acid and
hich are present on the envelope proteins of viruses
rown in vertebrate cells, are lacking on the envelope
TABLE 3
Yields of Mutant Viruses from Primary CEF and Mosquito Cells
Virus
Yields (PFU/ml)
b/aAe. albopictus (a) CEF (b)
VSTD 9.0 3 10
8 6.3 3 108 0.7
VTOTO 8.4 3 10
8 8.8 3 108 1.0
VLM17 6.4 3 10
8 5.3 3 105 8.3 3 1024
VTOTO/LM17/7999-11,749 9.1 3 10
8 8.5 3 105 9.3 3 1024
VTOTO/E2/A251V 1.4 3 10
10 2.8 3 106 2.0 3 1024
VTOTO/E2/A251L 1.2 3 10
9 3.5 3 105 2.4 3 1024
VTOTO/E2/A251G 1.0 3 10
9 5.5 3 105 5.5 3 1024
Note. Confluent primary CEF or Ae. albopictus cells were infected at
n m.o.i. of one PFU/cell and incubated at 34°C for 24 h. Medium was
hen harvested and titrated for infectious virus by plaque formation on
rimary CEF.roteins of viruses grown in mosquito cells. In the latter, rhese complex N-linked glycans are generally replaced
y Man3 GlcNAc2 glycans, which are the most highly
rocessed oligosaccharides in Ae. albopictus cells
Hsieh and Robbins, 1984). Similarly, whereas Semliki
orest virus (SFV) grown in BHK cells contains phosphati-
ylcholine as the predominant phospholipid (42%), when
FV is grown in Ae. albopictus cells, the predominant
hospholipid is phosphatidylethanolamine (62%) (Luuk-
onen et al., 1976). Whether these differences in the lipid
omposition or the glycosylating capability of the host
ells might explain why SVLM17 is able to be assembled
nd released efficiently from mosquito cells but not from
EF remains unknown.
Other mutants of Sindbis virus that have (1) an amino
cid change in the ectodomain of E2 and (2) a block at a
ate stage in assembly and/or a defect or alteration in the
udding process are listed in Table 5. SVAP15/21, like
VLM17, is restricted in vertebrate cells and in addition is
emperature-sensitive. Furthermore, the SVAP15/21 nucleo-
apsids align with the plasma membrane, an indication
hat the nucleocapsid (NC) is interacting with the cyto-
lasmic tail of E2. The phenotype of SVAP15/21 has been
hown to result from the generation of a new glycosyla-
ion site at Asn275 of E2 (Durbin and Stollar, 1984, 1986).
Although the temperature-sensitive mutant of Sindbis
irus, ts-20, fails to process pE2 to E2 under nonpermis-
ive conditions, the viral NCs do become aligned be-
eath the plasma membrane (Brown and Smith, 1975).
here is no evidence indicating that ts-20 has a host-
ange phenotype. ts-103 illustrates a different type of
efect in the budding process, in that it forms viral par-
icles containing multiple nucleocapsids (Strauss et al.,
976; Hahn et al., 1989).
Interestingly, the amino acid changes responsible for
he phenotypes of SVLM17, SVAP15/20, ts-20, and ts-103 are
ll present in a fairly small region of the ectodomain of
2 between positions 251 and 344. At none of these
ositions, however, are the amino acids highly con-
TABLE 4
Plaquing Efficiency of Mutant Viruses on Primary CEF
and Mosquito Cell Cultures
Virus
Virus titer (PFU/ml)
b/aAe. albopictus (a) CEF (b)
VSTD 6.5 3 10
8 1.5 3 109 2.3
VTOTO 1.4 3 10
9 1.0 3 109 0.7
VLM17 1.0 3 10
9 1.4 3 109 1.4
VTOTO/LM17/7999-11,749 5.2 3 10
9 1.4 3 109 0.3
VTOTO/E2/A251V 1.6 3 10
10 1.2 3 1010 0.7
VTOTO/E2/A251L 1.1 3 10
9 1.2 3 109 1.1
VTOTO/E2/A251G 9.3 3 10
8 1.3 3 109 1.4
Note. Virus titers were assayed directly by plaque formation on
rimary CEF and on mosquito cell cultures as described under Mate-ials and Methods.
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192 LI ET AL.erved. At the site corresponding to position 251 of the
V E2 protein where the amino acid change responsible
or the host restriction of SVLM17 occurs, Semliki forest
nd Ross river viruses also have an Ala. However,
’nyong-nyong, Venezuelan equine encephalitis, and
astern equine encephalitis viruses have an Asp, a Leu,
nd a Phe, respectively, at this position. Interestingly, one
r two positions downstream of position 251, depending
n the virus, there is a highly conserved sequence,
/R/Q.G.K.L/V/I.H.V/L/I.PF. The function of this sequence
s not known.
A late defect in virus assembly is also observed when
VSTD-infected CEF or BHK cells are maintained after
nfection in low-ionic-strength medium (Waite and Pfef-
erkorn, 1970). We recently isolated a mutant, SVLS29,
hich is able to replicate normally under such condi-
ions; the amino acid changes responsible for the SVLS29
henotype were also in the ectodomain of E2, but in the
-terminal region of the protein (Li and Stollar, 1995).
Although, as noted above, the interaction between the
protein of the nucleocapsid and the endodomain of E2
s crucial to the budding of alphaviruses, the properties
f the viral mutants described in Table 5 suggest that the
ctodomain of E2 must also play a vital role in the final
tages of viral assembly. Just how the ectodomain influ-
nces the assembly process or budding of E2 we can
nly speculate. It has been suggested by Yao et al. (1996)
hat for the tail of E2 to be correctly positioned for
nteraction with the NC, the E2–E1 heterodimer may have
o attain a certain conformation. Possibly an amino acid
hange in the ectodomain of E2 may prevent the het-
rodimer from attaining that conformation. But as Yao et
l. also point out, there is so far no direct evidence that
2–E1 interactions can affect the orientation of the tail.
lternatively, given that the binding between the enve-
ope proteins and the NC is a multivalent interaction,
rimerization of the E2–E1 heterodimers may be crucial
or driving the budding reaction. The results of Ekstro¨m
T
Sindbis Virus Mutants with Phenotypes Resultin
Virus Nonpermissive condition
Yield of
virus
Plaque
formation
Pr
of P
VLM17 Infection of vertebrate cells Decreased Normal
VAP15/21 Infection of vertebrate cells
(also ts)
Decreased Inhibited
s-20 40°C Decreased Inhibited
s-103 * ? ?
VSTD Low-ionic-strength medium Decreased ND
Note. ND: Not determined.
* The phenotype of ts-103, i.e., the assembly of multicore particles,t al. (1994) are in accord with this idea. If the efficient arimerization of the E2–E1 heterodimers requires a
roper and specific configuration of E2, then it is reason-
ble to expect that this configuration could be disturbed
y certain critical amino acid changes. It is also possible
hat an amino acid change in E2, such as that in SVLM17,
ight affect virus assembly at a higher level of organi-
ation, e.g., the lateral aggregation of trimers within the
lane of the plasma membrane, a process necessary for
ormation of the icosahedral lattice on the viral surface.
A clear understanding of how alphaviruses bud
hrough the plasma membrane and are assembled must
wait more information about the conformation of the
iral envelope proteins.
MATERIALS AND METHODS
ells, media, and viruses
The Ae. albopictus mosquito cells (clone C7-10) and
he preparation of primary chick embryo fibroblasts
CEF) have been described previously (Stollar et al.,
976; Durbin and Stollar, 1984).
SVSTD is a cloned derivative (Shenk and Stollar, 1973) of
he HR strain of Burge and Pfefferkorn (1966). SVLM17 and
VLM21 were described above. SVToto is virus derived from
oto 1101 (Rice et al., 1987; and see below).
Following infection, cell cultures were maintained in
A medium (Eagle’s MEM supplemented with nonessen-
ial amino acids and glutamine plus 0.1% BSA) (Durbin
nd Stollar, 1984).
To infect primary CEF or Ae. albopictus cells, confluent
ultures in 60-mm plates were inoculated with 0.5 ml of
irus at the indicated m.o.i. After 60 min at 34°C for
dsorption, the virus was removed and the cultures were
aintained in EA medium at 34°C with 5% CO2.
Plaque assays of SV on primary CEF and on mosquito
ells were carried out as described by Shenk et al. (1974)
Amino Acid Changes in the Exodomain of E2
g
E2
Envelope protein
to cell surface
Nucleocapsids aligned
at plaque membrane
Amino acid
changes in E2
1 2 A251V
1 1 I277T
1 1 H291L
1 1 A344V
1 ? E23 and T76
required for
resistance
to LIS medium
at both low and high temperatures.ABLE 5
g from
ocessin
E2 to
1
1
2
?
1nd Durbin and Stollar (1984), respectively.
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193E2 PROTEIN AND SINDBIS VIRUS RELEASEynthesis of viral cDNA and site-directed
utagenesis
The purification of viral RNA from virions and synthesis
f double-stranded cDNA have been described previ-
usly (Durbin and Stollar, 1986; Li and Stollar, 1995).
ite-directed mutagenesis was performed by the PCR-
ased method described by Landt et al. (1990). The
resence of the desired mutations was confirmed by
ucleic acid sequencing; in addition, in each case the
ntire sequence amplified by PCR was sequenced to
ule out the presence of extraneous mutations. DNA was
equenced by the chain-termination method (Sanger et
l., 1977) using Sequenase version 2.0 and the protocol
upplied with the kit (United States Biochemicals).
eneration of infectious RNA transcripts from pToto
nd transfection of Ae. albopictus cells
Toto 1101 (13638 bp) is a plasmid which contains a
ull-length cDNA clone of SV RNA immediately down-
tream from an SP6 promoter (Rice et al., 1987). The
reparation of SV RNA transcripts from Toto 1101 and the
ransfection of Ae. albopictus cells were carried out as
escribed previously (Li and Stollar, 1995).
abeling and gel electrophoresis of viral proteins
Labeling of viral proteins in infected cultures and prep-
ration of cell lysates were performed as described by Li
nd Stollar (1995). Viral proteins were examined by
eans of 10% nonreducing SDS–PAGE (Durbin and Stol-
ar, 1984).
mmunofluorescent microscopy
Viral antigen in permeabilized and nonpermeabilized
irus-infected CEF cultures was visualized by the indirect
luorescent antibody method. To prepare nonpermeabi-
ized cells, cells were fixed with 4% paraformaldehyde.
o prepare permeabilized cells, cultures were first fixed
ith paraformaldehyde and then treated with 0.05% Tri-
on X-100 (Saraste et al., 1980). Anti-E2 rabbit serum
hich had been obtained from Dr. Joel Dalrymple was
iluted 1:200 and used as the primary antibody; the
econd antibody was fluorescein-conjugated goat anti-
abbit IgG (1:200) purchased from Cappel. Cells were
xamined using a Zeiss Axioplan microscope equipped
ith an epi-illuminator with fluorescein and rhodamine
ilters. Micrographs of cells were obtained by electronic
maging as described by Li and Stollar (1995).
lectron microscopy
Cells were infected with virus at an m.o.i. of 100 PFU/
ell. At 6 h postinfection, the cell monolayers were fixed
n 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2)
or 1.5 h, rinsed in cacodylate buffer, and postfixed with
% osmium tetroxide for 1 h. Following dehydration in a Lraded ethanol series (50, 75, 95, and 100%), the cell
onolayers were infiltrated with Spurr’s epoxy resin
Spurr, 1969), after which pure Spurr’s epoxy resin was
dded to the monolayers in the petri dishes. The resin
as then polymerized at 60°C, after which 2- to 3-mm
trips were cut through the polymerized resin, the cell
onolayer, and the petri dish. Thin sections cut from
hese strips were stained with uranyl acetate and lead
itrate and examined by electron microscopy.
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